Abstract Multiple processes À including dispersal, morphological innovation, and habitat change À are frequently cited as catalysts for increased diversification. We investigate these processes and the causal linkages among them in the genus Cyphostemma (Vitaceae), a clade comprising $200 species that is unique in the Vitaceae for its diversity of growth habits. We reconstruct time-calibrated evolutionary relationships among 64 species in the genus using five nuclear and chloroplast markers and infer the group's morphological and biogeographic history. We test for changes in speciation rate and evaluate the temporal association and sequencing of events with respect to dispersal, habitat change, and morphological evolution using a Monte Carlo simulation approach. In Cyphostemma, neither dispersal nor morphological evolution is associated with shifts in speciation rate, but dispersal is associated with evolutionary shifts in growth form. Evolution of stem succulence, in particular, is associated with adaptation to local, pre-existing conditions following long-distance dispersal, not habitat change in situ. We suggest that the pattern of association between dispersal, morphological innovation, and diversification may depend on the particular characters under study. Lineages with evolutionarily labile characters, such as stem succulence, do not necessarily conform to the notion of niche conservatism and instead demonstrate remarkable morphological adaptation to local climate and edaphic conditions following dispersal.
Introduction
The roles of dispersal, habitat change, and morphological change in stimulating speciation or diversification have long been discussed by systematists, ecologists, and evolutionary biologists. Dispersal plays a central role in the process of allopatric speciation À i.e., allopatry can arise through longdistance dispersal, which is then followed by divergence through local adaptation or drift (Huxley, 1942; Mayr, 1942 Mayr, , 1963 Simpson, 1944; Dobzhansky, 1951) . More recently, Moore & Donoghue (2007) suggested that biogeographic change, specifically, dispersal into a topographically complex landscape, may stimulate diversification by increasing fragmentation of populations and restricting gene flow. Dispersal is also hypothesized to increase diversification via ecological opportunity, i.e., the dispersal of a lineage into a new area, where niche space is unoccupied, and release from stabilizing selection via trade-offs in competitive ability may lead to diversification (Rainey & Travisano, 1998; Yoder et al., 2010) . Others have highlighted the role of dispersal combined with niche conservatism. Kozak & Wiens (2006) argued that fidelity to a habitat type, combined with change in the distribution of that habitat (associated with climate fluctuations) led to vicariance and speciation in North American salamanders. Donoghue (2008) argued that niche conservatism combined with dispersal is a common mode of diversification ("it's easier to move than evolve"), drawing upon his knowledge of plant biogeography, as well as the work of Verd u et al. (2003) and Ackerly (2004) .
In contrast to this recent emphasis on niche conservatism, niche evolution has long occupied a central role in discussions about speciation or diversification. Schluter (2000) argues that "divergent natural selection between environments" is a key ingredient in adaptive radiations, drawing upon Mayr (1942 Mayr ( , 1963 and other Modern Synthesis founders. At a global level, shifts in aridity and temperature that started $33.7 MYA (Spicer & Chapman, 1990; Pittermann et al., 2012) resulted in major shifts in biotas (Wing, 1987; Barreda & Palazzesi, 2007; Zanazzi et al., 2007) , underpinning increases in arid adapted floras (Barreda & Palazzesi, 2007) , the rise of C4-dominated grasslands (Edwards et al., 2010) , and the origins of cactus diversity (Arakaki et al., 2011) as assemblages of species moved and reassembled in response to paleoclimate change.size shifts and further alteration of the world's biotas (Kelly & Goulden, 2008) .
Morphological change, too, may play a role in stimulating diversification. Simpson (1953) coined the term "key innovation" to describe a morphological change that opens up new niche possibilities and associated increases in diversification rate. Schluter (2000) followed Simpson's lead in treating key innovations as an alternative route to ecological opportunity (movement into a competitor-free space). With the recent development of methods to detect them, examples of key innovations (traits enhancing diversification rates) have accumulated (e.g., Cacho et al., 2010; Glor, 2010; Marazzi & Sanderson, 2010; Roquet et al., 2013; Ebel et al., 2015) . Diversification of traits (disparification) is often closely associated with adaptive radiations as lineages adapt to open niche space (Ackerly, 2009; N€ urk et al., 2013; Simões et al., 2016) . Recent discussions of the concept of key innovation suggest that shifts in rates of lineage diversification provide a poor basis for key innovation tests (Rabosky, 2017) , highlighting, instead, how key innovations facilitate new interactions with the environment (Stroud & Losos, 2016; Rabosky, 2017) .
Several of the above examples of diversification involve combinations of dispersal, habitat change (or the lack thereof), and morphological change. Changes in one do not necessarily imply change in others: dispersal may occur with or without habitat change or morphological change. Further, without a biogeographic analysis using a time-calibrated phylogeny, the sequence of events, and thus which process might be the impetus for change in other processes is unclear: habitat change may provide the impetus for diversification (Schluter, 2000; Ackerly, 2003) , morphological change may provide that impetus (key innovations), or dispersal can promote or limit diversification (Claramunt et al., 2012) . We suggest that a cube with these three dimensions makes a useful conceptual framework for considering alternative modes of diversification ( Fig. 1 ; inspired by Graham et al., 2004 and Donoghue, 2007) . The challenge then is to see how this cube is populated, via case studies of the diversification of particular clades, by indicating the frequency that diversification rates change in each cell of the cube. In fact, there are few cases where such an approach has been taken although studies that have combined phylogenetic information on an absolute time scale with analyses of biogeography and trait evolution are increasing rapidly (e.g., Moore & Donoghue, 2007; Heibl & Renner, 2012; Stroud & Losos, 2016) . Moreover, published studies that investigate the relative roles of these processes may be biased towards cases that demonstrate increased rates of speciation (as opposed to studies showing no increase in diversification). Recent methodological advances in dating, geographic and trait reconstruction allow us to tackle this challenge (Glor, 2010) .
These studies increasingly indicate that the factors contributing to diversification are varied, complex, and difficult to identify (Bouchenak-Khelladi et al., 2015; Donoghue & Sanderson, 2015; Stroud & Losos, 2016; Machac et al., 2017) . Both intrinsic (organismal) and extrinsic (environmental) factors appear to foster increased diversification (Bouchenak-Khelladi et al., 2015) and rates of diversification within lineages experiencing adaptive radiations may vary over time.
Timing of trait evolution in relation to diversification and ecological context are important (Donoghue & Sanderson, 2015) . Traits that trigger adaptive radiations are expected to be simultaneous with radiation, whereas traits that evolve later can modulate diversification rates as well (BouchenakKhelladi et al., 2015) , but no one trait may, by itself, be responsible for shifts in diversification rates (Donoghue & Sanderson, 2015) . The ecological limits hypothesis (Rabosky & Hurlbert, 2015) further suggests the rate of lineage diversification over time is also a function of resource availability and niche packing (Machac et al., 2017) .
Here we examine the role of dispersal, habitat change, and morphological change in diversification, using the second largest genus in the grape family, Cyphostemma (Vitaceae), a clade of $200 species . Plant succulence provides an ideal set of morphologies to examine the relationships between biogeography, climate, habitat, and phylogeny because it evolved so many times in such a wide diversity of lineages, and it represents a phenotype with close connections to specific habitats. Cyphostemma lends itself well to these investigations for its diversity across the Old World tropics (including continental Africa, especially eastern and southern Africa, Madagascar, as well as Asia), for the range of climatic conditions in these areas, and for its remarkable diversity in growth habit (vines and lianas, herbs, stem succulents and a tree). In addition, an extremely good fossil record in Vitaceae (Reid & Chandler, 1933; Tiffney & Barghoorn, 1976; Tiffney, 1979; Wheeler & LaPasha, 1994; Chen & Manchester, 2007; Chen, 2009; Manchester et al., 2012 Manchester et al., , 2013 has permitted the estimation of divergence times in multiple groups of Vitaceae (Nie et al., 2010 (Nie et al., , 2012 ; Liu et al., Fig. 1 . Conceptual cube highlighting relationships among factors traditionally related to shifts in diversification rates (after Moore & Donoghue, 2007) . Changes in one factor can occur separately from the other factors, and shifts may or may not correlate with changes in diversification rates. The table to the side of the cube provides a quick reference to the factors that change in each cell of the cube. The genus Cyphostemma is a lineage with biogeographical change, morphological change, and ecological change, falling within sub-cube 3. This cube is not meant to be exhaustive, and in particular, it ignores sexual selection, breeding system, and gene content/genomic structuring. 2013 Wan et al., 2013) , multiple phylogenetic analyses have clarified relationships within Vitaceae using a variety of molecular markers (Ren et al., 2011; Wen et al., 2013; Zhang et al., 2015a; Liu et al., 2016; Habib et al., 2017; Lu et al., 2018) , and prior biogeographic analyses have begun to reconstruct the spatial context of diversification in Vitaceae (Nie et al., 2010 (Nie et al., , 2012 Liu et al., 2013 Liu et al., , 2016 Lu et al., 2013; Wan et al., 2013) . We use information from 5 loci, including chloroplast and nuclear markers, fossil calibration dates, specimen occurrence records, and morphological data to reconstruct the spatial and temporal context of evolutionary diversification of Cyphostemma. We carry out a joint analysis of phylogeny and divergence time estimation, then use this inferred history to examine (i) dispersal among bioregions via competing models of dispersal, extinction, and colonization (DEC), (ii) shifts in speciation rates, and (iii) patterns of morphological evolution (growth habit, and tendril presence) and their relationship to biogeography. Specifically, we examine the timing between dispersal and changes in growth habit to test for associations between morphological change, long distance dispersal, and shifts in diversification rate.
The relative timing and sequence of the evolution of morphological innovations with respect to shifts in ecological context (via dispersal or in situ climate change) can play an important role in changes to diversification rates (Donoghue & Sanderson, 2015) . To examine the relative timing between dispersal and morphological diversification, we employed Monte Carlo techniques to simulate changes in growth habit relative to dispersal events on phylogenies sampled from the posterior distribution of the BEAST analysis. Under the null hypothesis, dispersal events occur independently of morphological changes. We expect morphological triggers (Bouchenak-Khelladi et al., 2015) to evolve simultaneously with changes in habitat due to dispersal, whereas dispersal events to new habitats are expected to precede morphological novelties that evolve as an adaptive response to a shift in environment. Alternately, when morphological innovations are exaptations or pre-adaptations to changes in habitat, the innovations are expected to evolve before a dispersal event to a new habitat. We use these analyses to address several questions: are dispersal events or changes in morphology associated with elevated rates of diversification? Are dispersal events associated with habitat change, or not? Does dispersal predate evolutionary innovation, does evolutionary innovation predate dispersal, or is there no connection between the two? 2 Material and Methods
Study system
Cyphostemma is unique among the genera of Vitaceae for its tremendous diversity in growth habit. Members of the genus also inhabit varied habitats from wet rainforest to among the driest deserts on Earth. Most members of Vitaceae are vines and lianas (with the exception of a few species in the polyphyletic genus Cissus). In contrast, the only extant true tree species present in all of Vitaceae is C. mappia (the sole species of Cyphostemma on Mauritius). In addition to vines, lianas, and a tree in Cyphostemma, there are herbaceous taxa that have lost tendrils, the main climbing mechanism in Vitaceae (Zhang et al., 2015b; Gerrath et al., 2017) , and a broad range of succulent taxa with diverse modifications to stem and root structure (Descoings, 1967) . The centers of Cyphostemma diversity include eastern Africa and Madagascar, with a peppering of species in southern to western Africa, and two taxa in Asia . Despite this morphological and ecological diversity, no phylogenetic analyses focused on morphological evolution in Cyphostemma have been carried out.
2.2 Taxon sampling, DNA isolation, and sequencing We used 136 samples representing 64 species of Cyphostemma (77 samples) and 59 outgroup taxa (Appendix I) . The set of taxa in Cyphostemma includes 18 of $32 (Descoings, 1967 (Descoings, , 2007 recognized species from Madagascar, an Asian species (C. auriculatum), and the remainder from eastern and southern Africa. This sampling represents taxa from all biogeographic regions in which Cyphostemma occurs, and in particular, we increase sampling of Madagascar and succulent southern African taxa compared to previous studies that focused on the evolutionary history of other clades in Vitaceae (Soejima & Wen, 2006; Wen et al., 2007; Nie et al., 2010 Nie et al., , 2012 Trias-Blasi et al., 2012; Lu et al., 2013) .
DNA was extracted from silica gel-preserved specimens or from fresh tissue from cultivated plants ('Tow' numbers in Appendix I). Multiple extraction methods were used, due to the presence of PCR inhibitors in several samples. When the standard CTAB procedure (Doyle & Doyle, 1987) failed to produce amplifiable product, we used a modified procedure that employed a high salt precipitation described previously (Soejima & Wen, 2006) , a DNeasy Plant Mini Kit (Qiagen 69104), or the PowerPlant 1 DNA Isloation Kit (MoBio 13200), which specifically targets removal of PCR inhibitors.
PCR amplification of 5 loci, including 4 chloroplast markers (rps16, trnL-F, rbcL, and atpB-rbcL spacer) and one nuclear locus (GAI1; Wen et al., 2007) , proceeded with 2 min at 95°C followed by 10 cycles of 1 min at 95°C, 1 min at 55°C, and 1 min at 72°C, then 20 cycles of 1 min at 95°C, 1 min at 50°C, and 1 min at 72°C, followed by a final extension for 7 min at 72°C. Primers are presented in Table 1 . These reaction conditions produced single bands of expected size for all templates, except the GAI1 locus. We used a Zymoclean TM Gel DNA Recovery Kit (Zymo Research D4001) to extract PCR product from the gel fragment of expected size ($750 bp). Sequencing and PCR purification were carried out by Functional Biosciences (Madison, WI) on a ABI 3730xl DNA Sequencer with 50 cm arrays using their Exo/ Sap PRC cleanup protocol.
Sequence alignment and phylogenetic analyses
Sequences were initially aligned using MUSCLE v. 3.8.31 (Edgar, 2004) , and we then manually adjusted the alignment using Mesquite v 2.75 (Maddison & Maddison, 2011) . We used this seed alignment to create a profile alignment using the HMMER 3.0 (Eddy, 2011) package utility hmmbuild. A profile alignment provides a model of homology of positions in an alignment, and hmmalign uses this model to produce a Stockholm-formatted sequence alignment with annotations for each column in the alignment. The annotations provide a posterior probability for the homology of the column and thus provide an objective criterion for masking regions from analysis with uncertain ancestry (Wu & Eisen, 2008) . We masked all positions in the Stockholm alignment with probabilities less than 0.6. We selected a model of nucleotide evolution for the phylogenetic analyses using MrModelTest2 v. 2.3 (Nylander, 2004) under the hierarchical likelihood ratio test criterion, and we selected a partitioning scheme for the molecular loci using Farris et al.'s (1995a Farris et al.'s ( , 1995b Incongruence Length Difference (ILD) test, as implemented in PAUP Ã 4.0b10 (Swofford, 2003) . During the partition analysis, we examined the 26 pairs, triplets, quadruplets, and quintuplet of combinations among the loci. The particular partition we selected minimized the number of items in the partition by choosing the most inclusive combinations of loci that were not rejected under the ILD test. Each of the 26 ILD tests was conducted with 100 replicates based on 10 random addition sequence replicates and TBR branch swapping during topological optimization under the maximum parsimony (MP) criterion. We also used Partition Finder 2 (Lanfear et al., 2016) to find partitions and models of nucleotide evolution that BEAST can implement, as used recently for other phylogenetic analyses of Vitaceae .
Phylogenetic analyses were carried out using the criteria of maximum likelihood (ML) and Bayesian inference (BI). The ML analysis and ML bootstrap analysis were carried out using the PTHREADS version of RAxML 7.3.5 (Stamatakis, 2006) with 50 random addition sequence replicates to obtain a 'best ML tree'. RAxML carried out a non-parametric bootstrap analysis (Felsenstein, 1985) consisting of 1000 replicates. We carried out two BI analyses of phylogeny using MrBayes v3.2.1 (Ronquist & Huelsenbeck, 2003) or BEAST (Drummond et al., 2006 (Drummond et al., , 2012 . The BEAST analysis, described below, jointly inferred divergence time dates and phylogeny. For MrBayes analyses, we ran two runs of 20 000 000 MCMC iterations each. Each run consisted of four Metropolis-coupled chains. Convergence of the MCMC samples was assessed by two criteria for MrBayes: the average standard deviation of split frequencies, and visual estimation of MCMC stationarity using Tracer v1.5 .
The maximum clade credibility tree that summarizes mean node heights (MCCT; i.e., the tree representing the maximum product of the posterior probabilities of its internal nodes) was assembled from 30 000 samples from the posterior distribution of MrBayes trees, after discarding the first 5 million MCMC iterations as burn-in for each of the two separate runs, and combining the samples from the runs (using TreeAnnotator).
Divergence time estimation
We used BEAST 2 (Bouckaert et al., 2014) to jointly infer phylogeny and ancestral divergence times. The XML file to run the BEAST analysis was generated by the program BEAUTi, packaged with BEAST. We used an uncorrelated lognormal relaxed clock model, so that rates of evolution between nodes were drawn independently from a lognormal distribution (Drummond et al., 2006) . A birth-death model with incomplete sampling (Stadler, 2009 ) provided the prior distribution over tree topologies. Several preliminary runs of BEAST were conducted to establish reasonable prior distributions to assign for the model of nucleotide evolution and for dating calibration points, by examining the MCMC performance diagnostics (following Drummond et al., 2007) . Multiple trial runs were also required to obtain starting trees with positive likelihood, and many runs that failed to reach optimal stationarity were terminated after 100 000 000 MCMC iterations. Full details of the analyses, including sequence alignments and prior distribution parameters, are available from Dryad (Data S1). Two final BEAST runs of 100 000 000 MCMC iterations each were performed to achieve effective sample sizes of parameters of at least 90. The Markov chain was sampled every 10 000 iterations to reduce temporal autocorrelation among samples. Means and 95% higher posterior densities (HPD) of age estimates were obtained from the post-burn-in samples from the combined posterior distribution from both runs using Tracer and TreeAnnotator associated with the BEAST software.
Vitaceae offers a good record of fossil calibration points. Chen (2009) and Chen & Manchester (2007) provided comprehensive documentation of known vitaceous fossils, which include Cretaceous and Tertiary seeds, pollen grains, and leaf impressions from Europe, North America, and Asia. Due to the unique morphological characters of seeds in Vitaceae (ventral infolds and dorsal chalazal scars), fossil seeds provide the most reliable source of divergence date calibration points (Nie et al., 2010) . They are quite common in fossil Tertiary floras (Kirchheimer, 1939; Tiffney & Barghoorn, 1976) .
We utilize the fossil dating scheme employed previously by Nie et al. (2010) and Lu et al. (2013) with the addition of one fossil to calibrate the Tetrastigma node. In BEAST, prior distributions on node dates provide information about fossil constraints. We applied Lu et al.'s (2013) normally distributed prior of 97.1 AE 1.0 MYA for the stem age of Vitaceae (hereafter calibration A) and their normally distributed prior of 59.5 AE 1.5 MYA for the Ampelocissus À Vitis clade (calibration B) crown age based on previous fossil evidence by Chen & Manchester (2007) . We include a broad taxonomic sample in our outgroup. Cayratia, Tetrastigma, and Cyphostemma (CTC clade) form a clade (Ren et al., 2011; Trias-Blasi et al., 2012; Lu et al., 2013) , so calibration in this clade is appropriate for estimating divergence times within Cyphostemma. Chen (2009) recognized the extinct Oligocene Cissocarpus jackesiae as a member of Tetrastigma by assigning taxonomic affinities of fossils from principal components morphology space in which fossils clustered with extant taxa. Although the seed morphology in Tetrastigma is diverse (Chen, 2009; Chen & Manchester, 2011; Habib et al., 2017) , many extant Tetrastigma seeds are elongate and have a long chalaza, features shared with the Cissocarpus fossil. Our representative sampling of Tetrastigma did not include the first diverging clade of the genus (clade I in Habib et al., 2017) , as the seed morphology of Tetrastigma clade I is very different from that of Cissocarpus jackesiae. Thus, we set the prior for the sampled Tetrastigma clade crown age at 34 AE 1.5 MYA (calibration C). We also analyzed minimum age constraints for constraints A-C using lognormal (in one set of runs) and exponential (in another set of runs) priors offset to the mean values of the normally distributed priors.
For each clade in the BEAST MCCT, the percentage (support value) of the post-burn-in posterior samples (MrBayes) or bootstrap replicates (RAxML) was found using RAxML with the '-f b' function.
Biogeographic analysis
The biogeographic ancestry of clades in Cyphostemma was reconstructed using the program Lagrange v.20110117 (Ree et al., 2005; Ree & Smith, 2008) . Lagrange is a likelihood-based approach that employs an explicit model of dispersal, extinction, and cladogenesis (DEC) to evaluate the likelihood of the phylogenetic and geographic data based on dispersal routes at particular intervals in the history of a taxonomic group.
We divided the extant range of the CTC clade into six biogeographic regions: Eastern Africa (E), Western Africa (W), Southern Africa (S), Madagascar (M), Mauritius (O), and Asia (A). Models can incorporate dispersal constraints which limit the paths of dispersal and the likelihood of dispersal routes. We examined two alternative models of dispersal routes that permitted up to two biogeographic regions in ancestral ranges, as some taxa co-occur in Western Africa and Eastern Africa. The first, unconstrained model permitted dispersal with equal facility between any two biogeographic regions. The second model constrained dispersal between the following pairs only: A-E, E-W, S-W, E-S, E-M, S-M, M-O. The dispersal routes in our second model pair adjacent regions and are therefore the more plausible dispersal routes. If the data have a likelihood that is statistically equivalent under the second model, we accept the second model as our working hypothesis, as it is less parameter rich and potentially of more general utility (c.f. Bishop, 1996) . A conventional cut-off value of a difference in log-likelihood values of two units was considered statistically significant to reject the second model over the first (c.f. Nie et al., 2012) .
To better characterize the geographic ranges of the taxa under consideration, we compiled a MySQL database of specimen records of our sampled taxa in the CTC clade. These records were retrieved from online databases, including Global Biodiversity Information Facility (GBIF; www.gbif.org/) and the following herbaria, as coded by Index Herbariorum (Thiers [continuously updated]): P, K, MO, US. We filtered the records for obvious spatial outliers; none were detected. Taxa were coded as occurring in a biogeographic region if one or more specimens of that taxon were collected from a region.
Reconstruction of ancestral character states
To examine the relationship between biogeography and morphological evolution, we reconstructed the history of growth habit evolution in Cyphostemma. Particular growth forms, such as stem succulence, are often cited as adaptations to arid environments (e.g., Burgess & Shmida, 1988; Arakaki et al., 2011) , so we expect associated morphological traits to respond to shifts in habitat due to climate change or dispersal. Evolutionary transitions from climbing growth habits, the putative ancestral growth form of the crown group Vitaceae, to self-supporting or non-climbing forms can be inferred from the loss of tendrils, the mechanism of climbing attachment in Vitaceae.
The character states for growth habit [tree, stem succulent, non-succulent climber (lianas and vines), herb] and the presence or absence of the tendril were assessed for extant taxa based on observations of our own collections, images of specimens from the online databases used above for ancestral range reconstructions, and treatments in floras (Verdcourt, 1993; Exell, 2000) . Many of these plants have also been observed in cultivation and are being grown in the greenhouses at Towson University and Department of Botany, Smithsonian Institution.
We used Mesquite v. 2.75 (Maddison & Maddison, 2011) to infer morphological character states at internal nodes using maximum parsimony on the BEAST MCCT. Characters were modeled as unordered categorical traits.
Diversification rates
Rates of diversification were predicted to correlate with either morphological innovation (e.g., evolutionary gain of succulence), or dispersal events. We reconstructed the diversification rates for Cyphostemma, as a whole, and for various subclades within Cyphostemma, by estimating the model of diversification, the rates of diversification, and changes in rates using MEDUSA (Alfaro et al., 2009) as implemented in the R package (R Core Team, 2012) 'geiger'v. 1.3 (Harmon et al., 2008) with the addition of the turboMEDUSA package. The test compares the Yule (1925) model (a pure-birth model in which speciation events are independent of one another and each taxon has an equal probability of speciating at any point in time), a birth-death model (similar to the Yule model, but with the addition that each taxon has an equal probability of going extinct at any point in time), and a mixture model of the two. MEDUSA evaluates 'break points' in the phylogeny at which diversification rates are allowed to change, and it selects best fitting models using the sample size-corrected AICc criterion.
Timing of dispersal and character evolution
To investigate the relative timing between dispersal and morphological change, we employed Monte Carlo simulations to generate a null distribution of times separating dispersal events from shifts in growth habit. The simulations recorded whether a (net) shift in growth habit occurred between two nodes, or no (net) shift occurred. We considered a shift in growth habit to have occurred when growth habit changed between any of the following: non-succulent climber, herb, stem succulent, tree. The empirical data for this analysis consisted of (i) the times between nodes based on timecalibrated phylogenies (from the BEAST analysis), (ii) the number of character state transitions and the specific node at which character state transitions were inferred (from parsimony ancestral character state reconstructions), and (iii) the nodes at which long distance dispersal events were inferred (from DEC biogeographic analyses). Specifically, the difference in time between each dispersal event and the temporally closest transition in growth habit was measured. This difference in time between shifts in location (dispersal events) and shifts in morphology will hereafter be referred to as the "temporal distance".
If dispersal is an impetus for morphological change (or vice versa), we expected the observed average temporal distance to be short compared to temporal distances under the null hypothesis in which dispersal and morphological change are independent.
To generate the null distribution of temporal distances, dispersal events were fixed at their observed nodes and shifts in growth habit were simulated independently of the dispersal events. Shifts in growth form from node to node followed a continuous time Markov model with a constant rate of growth habit transition (as null model). In this way, the same number of shifts in growth habit are compared between the empirical observations and the simulated data. Conditioning on the empirically-observed number of changes in growth habit results in a straightforward simulation approach: each event corresponding to a shift in growth habit can be randomly placed at a node with probability of placement proportionate to the time separating a node from its ancestral node. (Intuitively, a shift is more likely to occur between nodes that are separated by more time.) If two or more events occur along a branch subtending a node, a single (net) shift in growth habit between nodes is counted. This strategy was implemented in the Java Programming Language (Oracle, v. 1.7) with source code available through links in the Dryad repository (Data S1).
The null hypothesis of independence between dispersal and character change can be rejected when the mean of the empirical temporal distances is outside of the 95% confidence interval for the mean temporal distances simulated under the null hypothesis. We estimated the 95% confidence interval for average temporal distances based on 1 000 000 simulations under the null hypothesis on the BEAST MCCT. To account for phylogenetic uncertainty in topology and branch times, we also iterated the analysis across a sample of 7300 trees sampled from the posterior distribution of the BEAST analysis to assess the distribution of differences between the empirical and simulated temporal distances. Figure 2 illustrates the approach.
Results

Sequence alignment and phylogenetic analyses
This work generated 140 new sequences in addition to the remaining sequences that were previously available from GenBank (Appendix I). The concatenated alignment was 5215 nucleotides in length, of which 3598 characters were constant. Under the hierarchical likelihood ratio test, MrModelTest2 selected the GTR þ G þ I model of nucleotide substitution. The ILD test indicated significant incongruence among loci individually, with no incongruence among the group GAI1, rbcL, and rps16 (p-value $ 0.36), so analyses were run with loci partitioned into separate models of nucleotide evolution for GAI1 þ rbcL þ rps16, atpB-rbcL, and trnL-trnF. Partition Finder under the AICc criterion determined that each locus should be treated as a separate partition. These two partition schemes resulted in topologically similar phylogenies, and we present the results of the sequence data into three partitions. BEAST XML files for both analyses are available at Dryad for more detailed inspection (Data S1).
The Bayesian and ML analyses resulted in largely concordant trees; we show the posterior probabilities and ML bootstrap values on the BEAST MCCT in Fig. 3 . Relationships among outgroup taxa had high support and were consistent with previously published results (Soejima & Wen, 2006; Nie et al., 2010 Nie et al., , 2012 Ren et al., 2011; Lu et al., 2013 Lu et al., , 2018 . In particular, Vitaceae, Vitis-Ampelocissus s.l. (including Pterisanthes), Parthenocissus, and Tetrastigma are each monophyletic, whereas the genera Ampelopsis, Ampelocissus, and Cayratia are not. Our taxon sampling for Cissus is small, so its monophyly or lack thereof cannot be ascertained from our samples. The clade Tetrastigma þ Cayratia þ Cyphostemma is strongly supported (all support values 100% [ASV100]), as is a monophyletic Cyphostemma (ASV100; node 1 in Fig. 3) , a "core clade" (ASV100; node 2), a strongly supported primarily South African clade (ASV100; node 3), and a strongly supported primarily Madagascan clade (Bayes support 100; ML bootstrap > 85, node 4). Relationships within the Southern African clade are well-resolved. Within the Madagascan clade is a well-supported clade of lianas (Bayes support 100; ML bootstrap > 97; node 5), and a wellsupported clade of stem succulents (Bayes support 100; ML bootstrap > 91, node 6). Most of the relationships among the East African taxa within clade 2 remain unresolved using these loci.
Divergence time estimation
Divergence times using normally distributed prior constraints A through C (Fig. 3) largely concord with previous reports (e.g., Nie et al., 2010 Nie et al., , 2012 . The average estimated stem age of Vitaceae was 97.2 MYA (95% HPD 95.9-98.6 MYA), which overlaps the constraint age of 97.1 MYA. Our estimate of the crown age of Cyphostemma (node 1, Fig. 3 ) was 43.3 MYA (95% HPD 32.0-55.1 MYA). Within Cyphostemma, the average inferred age of the Madagascan lineage (node 4) is 32.1 MYA (95% HPD 22.3-42.5 MYA), the stem-succulent Southern African clade (node 3) is 16.3 MYA (95% HPD 10.5-22.7 MYA), and the core clade (node 2) is 25.3 MYA (95% HPD 17.8-33.1 MYA). 95% HPDs of node ages inferred using minimum age constraints at nodes A through C (Fig. 3) overlapped with those using normally distributed priors except for the root node, which was older ($99 MYA) when lognormal minimum age constraints were used.
Biogeographic analysis
The dispersal model constraining movements to a subset of dispersal paths better fit the data (-lnL ¼ 110.1) than the unconstrained model (-lnL ¼ 121.2), so we accepted the constrained model over the unconstrained model. The most likely ancestral range of Cyphostemma included Eastern Africa (Fig. 3, node 1) , with a range expansion into Madagascar on the upper branch of node 1, Fig. 3 (-lnL ¼ 110.6, relative probability 0.63). The less likely possibility of a partly Asian ancestral range arises because of the presence of Asian Cyphostemma (Wen 7405) connecting to other Cyphostemma lineages at a relatively deep node (-lnL ¼ 111.4, relative probability 0.27); moreover, the most closely-related outgroup taxa are of Asian origin. There is a single origin of the Madagascan taxa (node 4) suggesting a single successful dispersal event into Madagascar. Within the Madagascan clade, there is a single species from Mauritius (C. mappia), suggesting a dispersal event from Madagascar. Embedded within the Eastern African taxa (node 2) is the well-supported clade of Southern African taxa (node 3) in which at least one member (C. betiforme) returned to Eastern Africa and is no longer present in Southern Africa. Multiple species have ranges that include Western Africa, although no species that we sampled are restricted to Western Africa. All of the taxa with partial ranges in Western Africa were reconstructed as having ancestral ranges in Eastern Africa.
Reconstruction of ancestral character states
Reconstruction of morphological traits indicates that stem succulence evolved (at least) twice À once in the Madagascan clade and once in the Southern African clade. We did not consider subterranean succulence, as most descriptions of Cyphostemma lack information about underground structures. However, it is clear that most taxa have a substantial underground storage component, consistent with previous examinations of subterranean succulence . Trees, with a single main trunk >3 m tall, evolved once in the ancestor of C. mappia, and it is likely that the herbaceous habit evolved once in an Eastern African group. The support for this Eastern African group is poor, so the number of origins of the herbaceous habit is unclear.
Tendrils (Fig. 4A) were lost in multiple taxa, and they may have been regained in a few clades, but further phylogenetic support is required to assess the number of reversions more precisely. Loss of tendrils is associated with evolution of herb and tree habits, but not uniformly with succulence and not directly with leaf composition (Fig. 4B ). Tendrils were lost in most Southern African succulents, and in a few Madagascan succulents (e.g., C. rutilans), but the majority of the Madagascan succulents possess a pachycaul trunk from which tendrillate, climbing stems emerge.
For our analyses of the relationship between dispersal and morphological transition, we included two separate origins of the herbaceous habit (Fig. 5) , which yields a conservative assessment of the relationship between dispersal and morphological transition. Because neither of the origins of herbaceous habit was closely associated with dispersal events, inclusion of two origins of the herb habit has the effect of increasing the average distance between dispersal and morphological evolution, counter to our hypothesis. Ã ' represent a 100% value, a single ' Ã ' indicates that all support indices are 100%, and '-' represent values less than 70%. Nodes are located at the mean divergence date, and error bars represent the 95% HPD for the mean.
Diversification rates
The turboMEDUSA pipeline selected the Yule model as the best fit model of speciation. Analyses based on only the sampled species inferred one shift in speciation rate at node 2 (Fig. 3) increasing from 0.06 (95% CI 0.04-0.08) to 0.12 (95% CI 0.08-0.16) species per million years.
Augmented taxon sampling based on our knowledge of where additional taxa are likely to be placed in the phylogeny had little effect on the inferred speciation model or shifts in speciation rate. With additional taxa, turboMEDUSA inferred a single increase in speciation rate from 0.07 (95% CI 0.05-0.11) to 0.17 (95% CI 0.12-0.25) species per million years at node 2 (Fig. 5) . Thus, the inferred model (Yule) and the dearth of changes in speciation rate were quite robust to potential biases due to taxon sampling. The single transition in speciation rates was not directly associated with morphological change, environmental change, or dispersal, although any associations are hard to assess rigorously due to the single inferred transition in speciation rate.
Timing of dispersal and character evolution
We predicted that evolutionary shifts in growth habit would closely follow dispersal events in Cyphostemma. We found that morphological transitions from the ancestral vine/liana growth habit followed dispersal events more closely than when morphological transitions are independent of dispersal events (p-value < 0.04 two origins of the herb habit; pvalue < 0.01 one origin of the herb habit; Fig. 6 ). Clades containing multiple taxa that are associated with dispersal events (Madagascar, Southern Africa) have high support values. However, there is substantial phylogenetic uncertainty throughout Cyphostemma, so we examined the mean difference between empirically observed and simulated temporal distances across a sample of 7300 post burn-in trees from the BEAST posterior distribution. We found that all but 4 of the 7300 differences were negative, when averaged across 100 replicates per tree, thus indicating that evolutionary changes in growth habit follow dispersal sooner than would be expected by chance. Succulence evolution was closely associated with dispersal to Southern Africa and Madagascar, and the single origin of the tree habit occurred with dispersal to Mauritius (Fig. 5 ). The precise ordering of dispersal and succulence evolution, specifically, is difficult to surmise as the dispersal event and the change in growth habit were empirically observed to occur at the same nodes. They are tightly coupled. The evolutionary origins of the herb habit are not closely associated with a dispersal event.
Discussion
Our goal was to examine the relationships among long distance dispersal, character evolution, habitat change, and in turn, their relationship to diversification rates, using the genus Cyphostemma as a case study. In particular, did morphological change occur with environmental change in situ, did morphological innovation precede, follow, or co-occur with dispersal, and was dispersal associated with niche conservatism or a shift in habitat? Many have suggested that vegetative traits tend to be conservative within many lineages of plants (Webb, 2000; Ackerly, 2004; Wiens & Graham, 2005; Crisp et al., 2009; Heibl & Renner, 2012; but see Heslop-Harrison, 1964; Bradshaw, 1972) , and as climates change, it may be easier for plant lineages to move to habitats with similar conditions than to evolve new adaptations in situ to climate changes (Donoghue, 2008) . The genus Cyphostemma offers a striking counter-example. Long distance dispersal to ecologically different habitats is closely tied to labile evolution of novel growth forms, and in particular, independent shifts to climatically-or edaphically-arid habitats are associated with separate evolutionary origins of greatly expanded storage parenchyma (stem succulence). In particular, dispersal events into arid Southern Africa, Madagascar, and Mauritius are each concomitant with, or slightly precede, the evolution of succulent life forms (Fig. 6) , including two distinct stem succulent lineages, and a pachycaul tree.
Although many factors, such as ecological opportunity, that are expected to foster adaptive radiation may be present, clades may fail to undergo radiation making the prediction of when and how adaptive radiations occur difficult (Losos, 2010; Stroud & Losos, 2016) . Stroud & Losos (2016) offer two Fig. 6 . Average temporal distances under the simulated null hypothesis (histogram) and empirical values (vertical line) A, Inferred (vertical line) vs. simulated null hypothesis average temporal distances using the maximum clade credibility tree from the BEAST analysis. Transitions in growth form appear more frequently soon after dispersal events than expected by chance (p-value % 0.04). B, Differences in temporal distances between simulated (null) vs. inferred biogeographic vs. morphological change, as inferred on a sample of trees from the posterior distribution of the BEAST analysis. The thickened vertical line at zero is the expected value if dispersal and morphological innovation and independent of one another. The histogram bars present raw differences between observed values and simulated replicates (displayed); temporal distances averaged for each sampled tree (not displayed) resulted in 4 of 7300 sampled trees showing lower average temporal distances than the observed average temporal distances. These results indicate that evolutionary changes in growth habit follow long distance dispersal sooner than would be expected by chance.
conditions for ecological opportunity to foster diversification: (i) diversification of resource use by taxa within the lineage of interest, and (ii) lability in trait evolution. The conditions seem ripe for adaptive radiation to have occurred within Cyphostemma: (i) dispersal and speciation within a diversity of habitats in Madagascar, (ii) labile evolution of ecologically important traits such as stem succulence, and (iii) dispersal into complex landscapes and multiple habitats. So, Cyphostemma falls within cube 3 of Fig. 1 . However, there are no statistically significant shifts in speciation rates within Cyphostemma following either dispersal events or the evolution of stem succulence, a trait that is classically considered an evolutionary adaptation to aridity (Futuyma, 1997; Niklas, 1997; Stearns & Hoekstra, 2005) . We examined different taxon sampling scenarios, none of which suggested increases in speciation rates associated with novel habitats, dispersal, or complex landscapes, although the single shift in diversification rate that we observed makes rigorous statistical testing between shifts in rate, dispersal, and morphological innovation difficult. Thus, the radiation of Cyphostemma does not match two of the four criteria provided by Schluter (2000) in order to be considered an adaptive radiation (high recency of ancestry and rapid speciation rates).
Recent analyses take a more nuanced approach to analyzing adaptive radiations. Herrera (2017) found that lemurs exhibit a phenotypic radiation but fail to exhibit consistently increased species diversification rates, so in the sense of disparity, Malagasy lemurs are an adaptive radiation, but in the sense of increased diversification, they may not be (Herrera, 2017) . Likewise, Cyphostemma appears to represent an adaptive radiation in terms of disparification and occupation of multiple habitats, but fails to show increased diversification, and succulence is a key innovation in the sense that it facilitates novel interactions with otherwise inhospitable arid environments (sensu Stroud & Losos, 2016; Rabosky, 2017) .
We inferred two evolutionary origins of stem succulence: one in the Madagascan lineage (node 4) and one in the Southern African lineage (node 3). The large tree, C. mappia, found on Mauritius appears to have evolved from a succulent ancestor from Madagascar. Taxon sampling was heaviest in succulent lineages, so taxon sampling biases would favor inference of higher speciation rates associated with these succulent lineages. However, there were no shifts in speciation rates in succulent lineages. In contrast to previous studies (Arakaki et al., 2011 ) that examined the correspondence between global increases in aridity that occurred approximately 8 MYA and the increase in rates of speciation in a few species-rich succulent lineages (e.g., cacti and agaves), we found no evidence of shifts in either morphology or speciation rates associated with this time scale of global climate change. The evolution of succulence appears to predate the increased global aridity described by Arakaki et al. (2011) , and pre-adaptations to aridity and drought may have influenced the structuring of angiosperm communities on a broader scale (Axelrod, 1967; Raven & Axelrod, 1974) . In Cyphostemma, succulence evolution appears to correlate with pre-existing edaphic and climate conditions in regions to which Cyphostemma dispersed, considering the evidence for biogeographic and morphological change here inferred for Cyphostemma in the context of the paleoecology of the region.
Our analysis suggested Cyphostemma originated in Eastern Africa around 43 MYA. This date varies slightly from study to study; our analyses inferred older dates on average, but with overlapping HPD's (e.g., Lu et al., 2013) . The older estimates from our study are likely to be due to increased taxon sampling in Cyphostemma, but no rigorous tests were conducted to examine other reasons for differences. Although topologies are largely concordant between studies, some differences in topology may have contributed to these differences in divergence time estimates. In particular, C. adenocaule Luke 11650 is sister to the core clade þ the Asian Cyphostemma in the Lu et al. (2013) study of Cayratia and the CTC clade, whereas C. adenocaule is sister to the Madagascan lineage in our study. The node of attachment of C. adenocaule is quite deep within Cyphostemma and its placement is associated with high uncertainty in both studies. Like our study, Lu et al. (2013) inferred that the ancestral range of Cyphostemma was Continental Africa; we further subdivided Continental Africa into Eastern, Western, and Southern Africa, and inferred a likely origin in Eastern Africa.
When Cyphostemma originated, the climate of Eastern Africa appears to have been more mesic than current day climate, based on the extent of forest and grasslands compared to more arid habitats (Bobe, 2006) . The biogeographic shift from Eastern Africa (ancestral) to Southern Africa around 16 MYA corresponds to a shift from tuberous vines, herbs, and lianas to stem succulent life forms. In particular, the Southern African lineage in the Namib Desert lost the vining habit altogether (e.g., C. uter from Kaokoland in Namibia; C. currorii from the Brandberg Massif and environs in Namibia; C. juttae from Namibia). Tendrils were lost in this group, basal trunks are multibranched, and stems are stoutly succulent. The Namib Desert is among the oldest and driest deserts on Earth with high aridity dominating over the past 55-80 million years (Goudie, 2010) . Given that Cyphostemma arrived much later, it is reasonable to hypothesize that succulence in the stem-succulent Southern African clade evolved as a response to pre-existing arid conditions.
The second evolutionary origin of stem succulence in Cyphostemma occurred in Madagascar. It offers a remarkable convergence towards a succulent phenotype, compared to the Southern African succulent clade, but it differs in striking and consequential ways. First, apart from a few species (C. rutilans, C. ankaranense), most members of the Madagascan succulent Cyphostemma clade maintain vining, tendrillate stems and have a single, unbranched, main trunk from which multiple vines emerge. Second, most of the succulent Cyphostemma occur on karstic limestone substrates. High rates of local endemism are often attributed to the rugged limestone cliffs and valleys associated with eroded limestone massifs and inselbergs (e.g., Guillamet, 1984; Barthlott & Porembski, 1996; Bardot-Vaucoulon, 1997; Rapanarivo et al., 1999; Wells, 2003) . Arid conditions have dominated the paleoclimatic history of Madagascar over the past 65 MY (Koechlin, 1972; Wells, 2003) ; more recent expansion of mesic forests during the late Cenozoic were hypothesized to have restricted xerophytes to climatically and edaphically arid sites such as karstic limestone (Wells, 2003) . Thus, a center of diversity of succulent species occurs on the Ankarana Massif in northern Madagascar. In addition to Cyphostemma, multiple other succulent taxa live in this region, including Adenia (Passifloraceae; Hearn, 2006 Hearn, , 2007 Hearn, , 2009 , Pachypodium (Apocynaceae; Burge et al., 2013) , Euphorbia (Evans et al., 2014) and others (Bardot-Vaucoulon, 1997) . In contrast to the 2 mm-200 mm of annual precipitation in much of the Namib Desert, Ankarana receives $ 2000 mm annually (Rossi, 1974) . However, two conditions may make Ankarana effectively arid. First, the rainfall is seasonal. During the rainy season (first quarter of each year), it can rain daily; during the dry season, there is very little precipitation. Second, the plants live on quickly-draining rocky substrates in highly-exposed limestone habitats. These conditions are similar to those of epiphytes, some of which are recognized for their effective succulence and CAM photosynthesis (e.g., Bromeliaceae; Crayn et al., 2004) . Limestone in this plateau dates from the middle Jurassic (150 MYA; Rossi, 1974) . Thus, the evolution of succulence in the Madagascan species appears to have resulted from adaptation to pre-existing habitat conditions following dispersal into Madagascar, not from a shift in range as a response to in situ climate change, nor as a pre-existing phenotype that dispersed into a well-suited environment.
So why aren't succulent clades in Cyphostemma associated with increased diversification rates? Donoghue & Sanderson (2015) suggested that no one trait may be responsible for increased diversification, but a series of traits evolving in sequence may be necessary. In the case of some of the most diverse succulent lineages, Arakaki et al. (2011) argued that during the Miocene, increased diversification in pre-adapted succulent lineages depended on the expansion of arid conditions. Other traits (C4 photosynthesis, types of photosynthetic tissues) may have synergized ("synnovation" of Donoghue & Sanderson, 2015) to prompt increased diversification. Similarly, Heibl & Renner (2012) concluded that adaptations to aridity occurred separately in different lineages of Oxalis, with pre-existing adaptations enabling some populations to exploit new ecological opportunities that resulted from the creation of the Late Miocene rain shadow climate.
However, this synergism appears to be missing for most stem succulent lineages. The lack of elevated diversification in Cyphostemma may be more indicative of the general relationship between succulence and diversification in plants. The evolution of succulence is most typically associated with relatively low species diversity and with edaphic specialization À that is, a large number of instances of stem succulence evolution occur in clades with relatively few (<10 species) stem succulent taxa [e.g., Dorstenia (Moraceae), Sesamothamnus (Pedaliaceae), Dendrosycios, Ibervillea, Cephalopentandra, Mormordica (Cucurbitaceae), Fockea, Ceropegia S. S., Adenium (Apocynaceae), Carica (Caricaceae), Moringa (Moringaceae), Fouquieria (Fouquieriaceae), Impatiens (Balsaminaceae), Cissus (Vitaceae), Brighamia (Campanulaceae), Portulaca (Portulaceae), Didieria (Didieriaceae), Pyrenacantha (Icacinaceae), Oxalis (Oxalidaceae), Ipomoea (Convolvulaceae), Adansonia (Malvaceae), and multiple others]. Many stem succulent clades evolved from lianous ancestors, including succulent clades in Cyphostemma, Adenia, Ipomoea, Cissus, Fockea, Dendrosycios, Ibervillea, Cephalopentandra, Mormordica, and Pyrenacantha. The extensive axial parenchyma typical of lianas is viewed as a pre-adaptation to water storage that facilitates succulence evolution and shifts to arid climates (Olson, 2003) , yet this pre-adaptation fails to increase diversification rates in these lineages. Cacti and the relatively few species-rich stem succulent clades may be the exception rather than the rule among stem succulent taxa. In this way, stem succulent lineages may be depauperons, or speciesdepauperate lineages (sensu Donoghue & Sanderson, 2015) ; rigorous analyses of this hypothesis are required.
In addition to ecological and morphological factors, genetic factors may limit diversification. de la Harpe et al. (2017) emphasize the difficulty in connecting micro-and macroevolutionary processes to rates of diversification. Pease et al. (2016) conclude that multiple molecular-genetic processes À including asymmetrical introgression of adaptive loci, de novo adaptive gene evolution, and environment-specific sorting of ancestral genetic variation À can promote rapid diversification in response to open niche space. Melzer & Theißen (2016) argue that evolutionary innovations must be robustly integrated into the genetic pathways of an organism in order for adaptive diversification to occur. Although relatively little is known of the molecular-genetic bases of succulence, recent genomic (Cheng et al., 2016) and exomic (Hearn et al., 2018) analyses of the evolution of parenchyma storage tissue in Brassica turnips (hypocotyl and root storage) and kohlrabi (stem storage) suggest labile, (possibly wide-spread) parallel evolutionary origins of parenchymatous storage tissues. Moreover, Hearn (2013) found that succulence evolution in some clades is modular, dissociating it from evolution of other functional traits, thus permitting evolutionary lability in the groups where it occurs. However, in the case of Bursera À another genus that inhabits deserts to rain forests and displays striking diversity in growth habit with multiple stem succulence plant forms À lability in growth form is associated with relatively little developmental independence associated with wood traits (Montes-Cartas et al., 2017) . Stem succulence evolved in at least 30 eudicot families, and within many of these families, succulence evolved multiple times . In most lineages in which stem succulence evolved, growth form diversity is relatively high, and stem succulent lineages present a preponderance of tuberous forms and other succulent growth habits; across the eudicots, evolution of stem succulence is strongly correlated with the evolution of subterranean succulence suggesting deep evolutionary and developmental ties among varied succulent growth habits. These initial inquiries that tie evolutionary developmental and molecular genetics of succulence suggest that succulence is an ecologically important, robustly integrated, labile trait, that is usually not associated with increased diversification rates.
Conclusions
In Cyphostemma, remarkable changes in growth habit are associated with dispersal into pre-existing, novel habitats, not with in situ climate change, nor with movement of preadapted clades into suitable habitats. It seems that a general understanding of how dispersal and climate change relate to succulence evolution is not yet complete. Cyphostemma provides at least one example of labile, putatively adaptive morphological evolution resulting from dispersal into a new, challenging environment, yet diversification rates remain unchanged in these succulent lineages.
Why is morphological change not uniform (Collar et al., 2005) ? Why do members of the same lineage coexist in the same habitats, but show substantial variation in form? Why do some lineages not increase in diversification rate when they encounter different environmental conditions? The picture is far from complete. We suggest that traits of key ecological importance, such as stem succulence in aridadapted plants, may evolve rapidly in response to changes in habitat associated with dispersal, vicariance, or local habitat change À but this may or may not lead to a bona fide adaptive radiation that includes increased diversification rates. Even though some traits may evolve flexibly and jointly be critical for ecological and evolutionary success, increases in diversification rate do not necessarily follow the evolution of such traits, nor from dispersal into complex landscapes. Additional case studies are needed to understand how different kinds of traits may each respond to climate change, dispersal, habitat change, and adaptive constraints differently.
